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ABSTRACT

Initiation of axial combustion instability in an experimental
combustor, 40 inches long by 50 inches I.D., containing a radial burning
grain, has been studied utilizing a wide variety of composite propellants.
Where instabiiity occurred, a correlation was found between the threshold
pressure at which instability was first observed and propellant ballistic
parameters, notably the linear burning rate. Fasgt burning propellants,
containing either a cctalyst or potassium perchlorate, did not sustain
axial mode combustion instability. Transverse instability was observed
for most non-aluminized propellants in pressure regimes where they were

stable to axial combustion instability.

Ap explanation of combustion stability critééia has been sought in
terms of either mixing processes within a granular .diffusion flame .or a
thérﬁal explosion process. The grénﬁlar diffusion flame concept appears
thus far to be the more promising -explranation; it predicts. the stability

trends observed in large solid propellant rocket motors.
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I INTRODUCTION

The. incidence of combustion instability ih solid propellant rocket
motors has been the subject of many investigations since World Wor II.

It was first observed in the extruded double base propellant rociiet

motors developed during the Second World War. Workers in the United States
and Britain early recognized the problem as a resonance phenomenon asso-
ciated with both. acoustical waves and gas flow in. the chamber. In the
absence of a clear understanding of the exact coupling mechanism between
the burning propellant and the gas phase oscillations, palliatives for

the problem were usually sought. Thus holes were drilled in the naked
tubular charges used in early rockets;1 resonance rods later became a
common panacea for the secondary peaks frequently observed with internally

perforated cartridge-loaded double base grains.Z

While early work might appear to have centered on double- base

propellants, the early composite propellants (the resin-bonded and ?
polysulfide-based formulations) also experienced instability problems;

these were usually overcome by minor formulation change, Improved

instrumentation enabled most instances of instability to be related to

the driving of relatively large amplitude, high frequency, transverse

acoustic type oscillations. It was found, most fortunately, that the

-addition of aluminum proposed originally for increasing the specific

impulse of propellants also created a ‘working fluid in which the

normally occurring high frequency transverse modes -of instability were

*
suppressed.

Many workers over the years have devloped useful qualitative
correlations between combustion phenomena and certain properties of the
propellant or the rocket motor. Several attempts have -been made to
correlate instability behavior with oscillatory heat transfer in the

solid phase.®”® In this case the resulting time lag induced

*_
This may not be necessarily true for very large motors.




in the propellant mass burning rate was able to ‘sustain oscillatory

*
waves. Likewise, time lags in the diffusion and mixing of the oxidizer
and fuel components- could be responsible foi instability. No comprehensive

-correlation of these theories with experiment has yet been attempted.

Studies on composite propellants also revealed a correlation between
erosive burning and observed axial mode instability trends. The most

e

unstable prop€llant of a series was found to be the one. in which burning

was most strongly augmented by tangential gas flow.5

This suggested that
the two types.of behavior were related to the same physical ‘and chemical
processes occurring at or near the surface of the burning propellant.
These can be related to enhanced mixing :in the diffusion flame at the
surface, or increased heat transfer to the solid phase which may be
augmented by self-heating reactions in the solid phase. It should: be
noted that the erosive burning concept has been studied in theoretical
treatments® and there appears to be no major problem which would cause

it to Be—rejected as a very satisfactory explanation for the observed

axial mode jinstability phenomenon.

With strong agreement between theory and practice, it -'was concluded
that a study of 'erosive coupled' instability was in' order. There
appeared good promise that the improved experimental techniqués used in
work previously mentioned,combined with a study of a very wide range of
propellants, could considerably -enhance the correlations hitherto

reported.

The work covered in this report has been principally carried out
using a small rocket motor (40 pounds of propellant); typical high energy
propellants have been investigated over the pressure range 300 to 3000 psi.
Definite correlations for ammonium perchlorate-based propellants have béen
‘established between combustion instability in- the axial mode and two main
-operational ‘parameteérs, burnifig raté and motor pressure. Information has
also been -obtained on the role compositional factors suclh: as catalysts
*

—gf course:;, this may well be modified by reactions in the subsurface
ayer, .
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and other oxidizers play in controlling stability. Transverse instability
was also observed under certain conditions bui mo data correlation on
this phenomenon has yet been found; perhaps its coupling mechanism is

associated with different processes.

The experimental data correlation found has been examined in relation
to several theories proposed as a means of explaining the driving of large
amplitude, gas jphase disturbances by the burning propellant surface. At
present it does appear that a model based on the characteristic times
associated with combustion within the granular diffusion flame* can

explain the dependence of stability on chamber pressure and’ burning rate.

It is not considcred that the time lag theory, as .such, is completely

proven since the correlation of our data has automatically suggested other

rather specific tests -of our tentative explanation. We propose to continue

to study other propellant types; we will attempt to see if a lower stability

‘bound exists and. whether any other theoretical parameter, e.g. frequency,

can be correlated with experiment.

In the body of the report, terms such as. "stability"” or "instability"
will generally be used to. refer to disturbances in the axial mode; occa-

sional deviations from: this use will be evident from the context.

X . _
This concept developed. by Summerfield seems to satisfactorily explain
the steady state dependence of hurning rate on pressure and thus appears
a valid premise to ‘build upon.
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II RESEARCH OBJECTIVES

The ultimate objective of this research is to identify the chemical §
and physical processes responsible for unstable combustion during the
burning of solid propellants in rocket motors.i The principal specific
goal is the understanding of erosive-velocity-coupled instabilities,

primarily through the study of finite-amplitude axial instability.

A second specific goal is to provide comprehensive data for use by
rocket design engineers in choosing propellants and associated grain

configurations for particular applications. !
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II1 EXPERIMENTAL PROGRAM

Experimental Method
General

Our main experimental approach has been based on the pulse triggering

of instability, previously reported by one of the authors’’'® and now used

in both solid and liquid propellant rocket engines.?

The method is particularly adapted to the investigation of axial-
mode instability. Although the pulse source may be modified to trigger
disturbances of almost any initial amplitude, in ‘the present work the
emphasis has been on the investigation of finite-amplitude instabilities,

with a nominal trigger pulse of 100 psi.

There are several reasons for the investigation of finite-amplitude
instability. The most important from a practical standpoint is the
possibility that a particular motor may be stable to small perturbations
arising from general combustion noise- but may be triggered into instability
by events like the exposure of minor flaws in the propellant grain or ‘the
ejection of objects through the nozzle. It is worth noting that for
axial-mode instability, finite-amplitude effects can become significant
for relatively small perturbations. This arises from the fact, first
pointed -out by Hart et al., that, for instabilities which depend on
velocity perturbations, the mean axial mass velocity in the grain port

is a significant reference velocity.

Propellants having a stable region of operation at low pressure in

a particular combustor may become incipiently unstable at higher pressures.

' There exists thus an instability threshold, characterized primarily by a

threshold pressure, PT

studies a relatively large geometric scale was chogennsinqemprevions'

, and a threshold linear burning rate, Ty in our

workl©+11 indicated that the threshold would be only weakly dependent

on grain parameters.




‘The actual threshold point was detected by careful bracketing

using -a carefully -programmed: multi-phase unit.

The restriction ratio,

Kn’ for both stable and unstable operation was- computed from the,

operation parameters and plotted against pressure, the intersection of

the two restriction ratio plots being designated as the instability

threshold. The method is shown graphically in Fig. 1.
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Test Instrumentation

Automatic programming of all firings was carried out using the.,
programmer and instrumentation outlined in Fig. 2. The programmer, in

addition to firing the igniter and pulses in correct sequence, incorpor-

—atgs an arming switch which is activated only by the output of a pressure

trunsducer which monitors the chamber pressure. Consequently, no pulse

can be fired unless the rocket motor is operating at the desired pressure.

The programmer is also used to start the high speed camera at the prescribed

time in the countdown in tests involving the window motor.

Steady state pressures were recorded in analog form on an oscillo-

graph and on magnetic tape. The transducers used for this measurement

were of the strain gage type (Taber); the frequency responge of the
combination used was approximately 500 cps.

-

For the measurement of the dynamic pressures (instability) a piezo-

electric type transducer (Kistler) was used. The frequency response of
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re————

this latter transducer was limited by the type of adaptor used to couple
it to the rocket chamber. Since the transducer is sensitive to ‘leat, a
water-cooled adaptor was necessary to alleviate the effects of the high
heat flux encountered during unstable combustion. With the adaptor used,
the frequency response was limited to 10 kc. Frequencies higher than

this could be detected but the amplitudes of such frequencies could not

be accurately determined. The output from the piezoelectric transducer

was recorded on magnetic tape. For an analog record it ‘was recorded on
an FM track and for frequency analysis it was AC-coupled to a record track.
The tape signal was re-recorded on an oscilloscope or oscillograph (through

a variable band-pass filter,when necessary).

Rocket Motor Configurations

Static firings of the various propellants were -carried outnin a
5-inch-diameter by 40-inch-long chamber. Attached to the chamber were
a multi-unit pulse head and a uniquely designed aft closure which houses
the rocket nozzle,and a pressure relief device for over-pressure protection
of the rocket chamber. This assembly is shown in Fig. 3. The size of
this motor was selected to minimize scaling effects when comparing aata

from previous work.

During the early phases of the program, tubular grains were
principally test fired since their progressively increasing pressure-time
characteristic was desirable (significantly reducing the number of rounds
needed to bracket the thréshold pressure of a particular propellant).

The pulses would genérally be initiated at equal time intervals over the
firing duration; as the data pattern: evolved, very close bracketing of

the threshold could -be_achieved.

Later in the program, rectangular or slotted grains were tested to

study the damping effect of inert walls on axial instability. These

motors -were mozzled for an initial pressure above the threshold pressure

and ‘were driven unstable- soon after ignition. As the operating pressure

decreased and the inert wall area increased, the motors became :stable.

The third~typelof motor -utilized on- this program was an-opposed-slab

grains with lucite sides. The so-called "window" motor was used for

8
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Photographic studies of the combustion processes. Two different sizes--
4 inch by 30 inch, and ‘2 inch by 20 inch--were tested; a typical motor

is shown in Fig. 4.

RA-462521-3

FIG. 4 ‘EXPERIMENTAL 2-INCH x 20-INCH WINDOW MOTOR

Propellants Investigated

In order to gather data which would be directly applicable to present
day problems, the propellants investigated in this program were, for the
most part, typical of high performance state-of-the-art aerospace propel-
lants.

10

6132-/7¢




Typical compositional factors studied include:

a) aluminum and oxidizer particle size
b) inclusion of burning rate catalysts and fast burning
oxidizer

c) binder type.

To study the role oxidizers play in modifying combustion response,
propellants based on potassium perchlorate, lithium perchlorate, and

ammonium nitrate were investigated.

The majority of the propellants studied were conventional composites;
a preliminary study was also made on a system in which a nitrocellulose

propeilant base was loaded with an inorganic oxidizer and aluminum metal.

The actual compositions which were selected for study were originally
chosen to encompass major compositional and ballistic changes. The
propellants tested in this program are detailed in Tables I and Il1. The
experimental results to be detailed later in this report will suggest,
to the critical reader, other formulations which may be used to check
certain aspects of the proposed combustion models. (It is proposed in
future work to bridge the burning rate gap between the ammonium perchlorate

and ammonium nitrate propellants.)

It should be noted that many propellants were formulated to support
this study; Table I includes those propellants which could be safely
mixed and loaded into the test motors.-or combustors. The propellants
with a high fraction of fine oxidizer were cast only with difficulty
using a ‘displacement casting technique. Prior to large scale mixing,
all the propellants were mixed in small batches to obtain mix V;M;Qsity

data and strand burning ballistic data.

Particular mention must be made of the problem of formulating
propellants from unusual oxidizers. For instance, with potassium per-
chlorate all attempts to modify the -burning rate by the inclusion of
either combustion catalysts- such »s Fey0; or the endothermic burning

rate depressant LiF failed to change the burning rate. These data suggest

11
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Table 11

‘PROPELLANT FORMULATIONS WITH OXIDIZERS OTHER THAN AP
(Amounts in Wt. %)

Formulation

~ Oxidizer
No. . g 1 Alumi -Catalyst Binder
’ Type Ground | Unground vminum alys
NIT 1G1 AP 14 21 15 VMH 322 | 50 Nitro-
‘ “.cellulose
binder
PBAN 109 KP 24.0 56.0 ———— 20.0 PBAN
PsS 104 LP T 22.02 51.38 s 0.97 Carbon 25.6 Poly-
sulfide
PU 113 AN 16.5 47.5 10 VMH 322 { 1.0 Milori| 25 Poly-
r ‘Blue urethane

that the oxidation reduction reaction ‘between organic réducing agents and

KC10,, or its.-decomposition intermediates, is rate-controlling.

The ammonium nitrate .and: lithium perchlorate-based propellants posed

severe formuldting problems which were successfully overcome.




[P

VDI

LV EXPERIMENTAL RESULTS

The experimental study performed Wwas designed to obtain data on the
role that compositional factors play in the incidence of -combustion
instability in rocket motors and to-gain an inSight into the fluid
dynamic interactions between -the combustion products and the burning
propellant surface. Compositional factors, along with the related
ballistic characteristics, were investigated using the .5-inch-diameter
by 40=inch~lon§ rocket motor; other studies were made using the window

mnotors.

Ziota on Compositional Factors Study

It will be recalled from a study of Table I that the program was
based primarily on a family of~propellants derived from a -propellant
containing 80% ammonium: perchlorate and ‘20% polybutadiene-acrylic acid-

acrylonitrile terpclymer.

Compositional variations included burning rate control by inclusion
of combustion catalysts, oxidizer particle size variation, aluminum
addition, and change in oxidizer type. Limited studies were -made in

‘which the ‘binder type was varied.

Ammoniut Perchlorate-Based Propellants

The procedure outlined previously was uséd to study the instability
characteristics of the various propellants. -Typical pressure-time curves
for one propellant, PBAN 162, triggered into instability at 'both high and
low port-to-throat ratios, are shown in Figs. Sa-and Sb. The instability
data for the ammonium perchlorate propellants are detailed in Table III,,
the -data cross plots for the 'propellants which could :be triggered into
instability are :shown in Fig.—eu*

*The”principal'deyiations from the straight Iinc correlation shown in

Fig. 6 occur for two propellants--PBAN 106 and PBAN 170, These deviations
might perhaps be a result of -a change in combustion mechaaism at about
1000 -psi or might be occasioned by variability in the black powder pulse
characteristicyn. These possibilities will be investigated in future work.
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Table III

AXIAL INSTABILITY TEST DATA

FOR AMMONIUM PERCHLORATE-CONTAINING PROPELLANTS

Unstable - - Threshold Daté
Propellants _Pressu?e,A Burn%ng.gate, ét'z D_, J ‘KN
PT’ psia. Yo in./sec in. ig.
PBAN 102 950 .325 1.23| 3.30 | 7.0 | 330
PBAN 103 700 .30" | 1.28 | 3.30 [ 6.6 | 320
PBAN 104 360 a7 " 1.83,| 4.08 | 7.1 | 270
PBAN 105 900 .315 1.37 | 3.80 | 8.8 | 340
PBAN 106 1600 .56 1.47 | 3.78 | 8.7 | 350
PBAN 161 750 .275 1.19 | 2.50°F 5.0 | 300
PBAN 162 760 .29 1.84 | 2.51 4.9 | 290
PBAN 166 500 215" 1.33 | 3.70 | 6.9 | 265
PBAN 170 1350 .50 1.59{ 4.01 | 8.1 | 310
PBAN 172 530 .24 1.59 | 3.37 5.7 | 270
 PBAN- 184 700 .260 1.24 | 3.14 | 6.5 | 300
PBAN 186 720 28" 1.22 | 3.47 | 8.1 | 340
| pu 108 400 .18 1.49 | 3.47 | 6.4 | 285
Stable-
. Propellants -
PBAN 110 Stable over range (400 psi - 2500 psi)
- PBAN 111 Stable over range (400 psi - 2500 psi)
‘PBAN 159 Stable over range (400 psi - 2500 psi)
PBAN 185 Stable over range (400 psi - 2500 -psi)
PBAN 189" Stable axially over range (400 psi - 2500 psi)

* ‘
Transitioned to transverse mode
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FIG.-6 CORRELATION OF THRESHOLD PRESSURE WITH PROPELLANT
BURNING RATE 5-INCH * 40~INCH ROCKET MOTOR

An examination of oﬁ} data in Table III and Fig. 6 shows that most
of the typical aerospace propellants sustain axial mode instability in
our test motor; those propellants, particularly those including catalysts
whose pressure-burning rate wrelationship lies above dur staﬁility boundary,
will most probably not sustain axial disturbances at frequencies less than
500 cps.. An examination of the data in Table IIT will permit cross plot-
ting between ballistic parameters other than those -correlated in Fig. 6;
ne relationship other than that between chamber pressure and burning

rate has been found.
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Principal Observations Relating to Ammonium Perchlorate-Based Propellants

Somewéeneral remarks on these data are in order:

‘Kactor

Rate Deterrent -
Lithium Fluoride

Rate Accelerant -
Iron Oxide

Aluminum

Very Coarse
Ammonhium Perchlorate

Potassium Perchlorate

Particle Size

Transverse Instability

1)

2)

3)

4)

5)

6)

Mixed Oxidizer Propellants

Observation

The addition of an endothermic burning rate
catalyst, LiF, lowers the burning rate and

thus aggravates combustion instability.

The addition of a burning rate accelerator,

Fey0,, enhances the burning rate and improves

stability.

The addition of aluminum did not promote

stability other than by its influence on

burning rate.

The inclusion of a small faction of extremely
coarse ammonium perchlorate did not aggravate

stability.

The role of KCl10, may be to improve stability

through enhancement of burning rate.

The use of a very fine oxidizer increases

burning rate -and stability; fine aluminum

powder enhanéed the burning rate and stability

more than coarse aluminum powder.

Regardless -of burning rate, non-aluminized
propellants transitioned, on occasion, to

transverse mode instability.

The—yery~wide range .of burning rate dependence.-on. .particle size

distribution in 'a mixed oxidizer system based on ammonium perchlorate

and potassium perchlorate enabled two propellants with identical thermo-

chemistry but vastly different burning rates to-be formulated.

18.
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FIG. 7 THRESHOLD DATA FOR MIXED OXIDIZER PROPELLANTS

These two propellants, PBAN 166 and PBAN 189, were tested in our
motor. The slow burning propell.ar;t could be driven unstable in the axial
mode while the fast burning analog was stable. Both propellants were
unstable in a high frequency, presumably transverse mode. The data for

these propellants are shown in Fig. 7.

Two other mixed .oxidizer propellants. were formulated to ascertain
if the use -of wvery -coarse :ammonium .perchlerate :particles -could result in
unstable burning in a fast -burning propellant. These propellants, PBAN
159 -and PBAN 185, had very similar burning rate curves (Fig. 6) and were

‘both stable to axially driven flow- disturbances.
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Propellants Based on Different Oxidizers

Over the years many observations have been recorded on the coﬁbustion
-characteristics of propellants based on potassium perchlorate, lithium
perchlorate, and ammonium nitrate. The general tenor of reports -has been
that these propellants were stable; but this perhaps resulted from their
limited use. We therefore decided to evaluate them in this program
because it is known that metal salt oxidizers decompose by different -
processes than those of the fuel salts. A further point believed to be
significant was that ammonium perchlorate sublimed during burning while

the other oxidizers:melted.

As ‘mentioned earlier, considerable effort was devoted to developing
slow burning potassium perchlorate propellants and fast burning ammonium
nitrate propellants. This work, aimed at produping'ballistic cha;qctere
istics similar to those of the ammonium perchlorate propellants, waé not
-successful. (Future -work will include ammonium nitrate propellants

modified: with potassium perchlorate and ammonium perchlorate.)

The potassium and lithium perchlorate propellants were both stable

*whenrpulsed at pressures up to 2,500 psia. The ammonium nitrate propellant

was. also stable. While no instability was noted, an anomalous ballistic

psia

PRESSURE ——

TIME —sec

‘TA-46658-4

FIG.8 FIRING RECORD FOR -AMMONIUM NITRATE PROPELLANT
‘GRAIN. (first 2 seconds. show burning.of starter grain),
PULSES ‘AS. CODED 1, 2, 3, AND 4 )
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phenomenon was observed (Fig. 8). Following the [iring of the trigger pulse
there occurred a pressure hump which initially carried .a 500 cps ripple.
‘This ripplerdecayed and the pressure slowly fell back to the normal lev=zl.
This phenomenon repeated itself on all four pulses and was duplicated
exactly in two firings; after the fourth pulse, an unexplained pressure rise
was observed. The burning rate data for these propellants, relative to

typical ammonium perchlorate- propellants, -are shown in Fig. 8.

High Energy Double-Base Propellants

A composite modified double-base propellant was tested to inveStigate
whether a high energy binder modified the response of the combustion
processes to pulsing. The propellant used--NIT 10l--contained aluminum
(15%) ‘and ammonium perchlorate and it possessed .a very high flame temper-
ature. The burning rate, shown in Fig. 9, was quite close to the stability
bﬁund found for the ammonium perchlorate composite propellant. One motor,
when pulsed at a pressure close to 1900 psia, was stable, while anéther
motor, pulsed at a lower pressure, went unstable at 1400 psia (see Fig. 10).
Both motors transitioned to the transverse mode at high pressure, regardless

of the fact that they contained 15% alum@num powder.

Transverse Instability and Associated Phemonena

While this investigation has been pfimarily concerned with axial
instability in the intermediate frequency range, some very interesting
observations -have been achieved on other types of combustion phenomena.
So far we have not been able unequivocally to identify the true nature
of the other instabilities which are perhaps therefore best described as
secondary peaks, In some cases a rapid increuse in pressure -has been
-associated with low-amplitude high-frequency oscillations characteristic
-of the natural transverse acoustical frequencies; in other cases the
analysis of the head-end piezoelectric pressure transducer has not
detected: these .characteristidally high frequencdies. This could be due
to a complex wave pattern in the combustor, or to frequency limitations

of the gage mount.
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FIG. 10 ALUMINIZED NITRASOL PROPELLANT, NIT 101,
EXHIBlTING FIRST AXIAL MODE (500 cps)
AND THEN A HIGH FREQUENCY INSTABILITY (>10kc)

The secondary peaks we observed may possibly arise from vortex flow
of the combustion products, the mass burning rate .perhaps being augmented
by both pressure and velocity-coupled processes. Another explanation
might be the transverse/wave-coupled thermal explosion process in the-

solid phase induction zone (perhaps also associated with vortex flow).

“Evidence for-vortex flow rests on the work of Swithenbank and Sotter
who convincingly explain the -high tangential torques: often -observed in. -

experimental firings; the spinning mode of instability could, under certain

-conditions, also explain the presence of the observed torques. The thermal

explosion process appears to offer an alternative to other proposed methods

of coupling as a driving mechanism for the high frequency type of insta-

‘bility. Further comments on these points will be made in the discussion

of our results.

The experimental data concerning the incidence of transverse insta-
bility or secondary peaks in -motors .containing our experimental propellants

are given in Table IV. It will be noted that it has occurred with most

types of composite propellants that did not contain aluminum. No. pattern

of behavior was found to distinguish fast burning propellants from ‘slow

burninglpropellants,as was observed for the intermediate frequencyaaxial
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instability. The amplitude of the chamber pressure was frequently extremely
high and in most cases the pressure relief device operated. However, in
some cases the excess pressure was held in the combustor and the pressure
excursion decayed to the predicted pressure level. Thig latter behavior is
in accord with experience observed cver the &ears with double base and some
composite propellants; usually a mofor is prone to instability over certain
discrete time periods during operation, presumably .chly when the driving
processes characteristic of the burning propellant:gr02correctly,phused in

relation to acoustical waves.

Table IV
OCCURRENCE OF TRANSVERSE MODE INSTABILITY

I propellant T;if Pe TRAN, . p K, |9 L./D
. psi in./sec
PBAN 103 14 990 0.28 330 | 7.40 11.17
PBAN 103 35 1455 ©0.302 | 464 | 14.35 8.09
PBAN 104 32 | 1485 0.240 466 13.91 8.37
PBAN 104 34 1085 0.230 | 466 | 19.74 5.90
PBAN 104 1 | 890 . 0.245 | 311 | d.oa | 11.02
~ PBAN 104 2 615 0.260 309 9.56 | 8.0l
PBAN 166 | 17 | 1090 ~0.250 | 38 | 12.4% 7.75
PBAN 166 28 | 1415 0. 265 445 14..21 7.83
PBAN 186 - 23 1030 1 ~0.31 390 9.76 9.97
PBAN 189 | 45 | 1415 0.81 | 226 4.56 12.40
PBAN 189 | 47 | 1365 | o.79 | 236 4.99 11.86
NIT 101 57 | 2075 | o0.980 302 8.27 8.92
- NIT 101 69 | 2040 © 0.970 | 247 5.69 | 10.84
Note: P = pressure at which motor

c. TRAN
transitioned from stable: operation %o &

high frequency transverse mode -of instability.
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One fact to be noted is that the very high energy nitrasol propellant
containing 15% by weight aluminum exhibited secondary peak behavior; this
is unusual but may support an observation made by Trubridge* that increase
in energy may stimulate instability. It should be noted that our experi-
mental program was not originally concerned with high frequency instability,
but it ‘does appear that the differing characteristics of propellants in
relation to the type of instability behavior may throw additional light -on

the driving processes avaidable in a burning solid propellant.

Motor ‘Dimensional Parameters and Combustion Instability

To verify our assumptions that the motor geometry selected was not
operating on the borderline of a geometrical stability bound, a series of
motors with varying length to diameter ratios was tested. Four motors,
all five inches in diameter, with léngths of 15, 21, 31, and 40 inches
were- test fired with propellant PBAN 104. The 15 inch and 21 inch motors-
were stablé at pressures of 790 and 690 psi réspectively; the 31 inch motor
went unstable af 370 psi, as did the 40 inch motor. The initiél perforation

diameter was .2.5 inches in all cases.

From these experiments ‘it certainly appears that low length to
diameter ratios favor stability as far as the axial modé of instability
is concerned. It is not possible to generalize beyond this, since our

study was not primarily aimed at low aspect ratio motors.

‘Motor geometry Qid“tOfsqmeﬂextent,affect the conduct of our tests;
in order to obtain pulses d£ 100 psia-amplitude it was necessary to
increase the gunpowder charige as the throat area increased. Likewise
in one. instance at a-pressgreiwell above the threshold. pressure it waé
observed that instability could be triggered using a smaller disturbing

charge.

‘Trubridge, G. P., Private communication, Imperial Metals Industry,
Summerfield Research Station (England).
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Grain Geometry Factors

Although the work is incomplete at this time, the pulsing studies

using ‘an opposed 'slab grain with a quasi-rectangular perforation in our

5 by 40. inch motor provides a motor variant with interesting possibilities.

(Fig. 11). In this motor the driving area (Bﬁrning surface) decreases as
the. dampening area (side wall) increases. Thus, sometime during burning
the losses. sufficiently predominate that the instability dies cut. Data
from some preliminary exberiments are given in Table V. For PBAN 104 the
pressure at which instability ceases becomes lower as the ratio of burning
sﬁrface area to dampening area increases. When another propellant was
tested (PBAN 103), there appeared to be no correlation with the same data
from PBAN 104.

~-A very interesting observation was made on the need for good
acoustical symmetry if instability of burning is to occur. One motor

containing PBAN 103 was test fired and found to be stable at pressures

‘where previously the same propellant wias unstable. The sole difference

PROPELLANT

5-in1D

0, PERFORATION. WIOTH .WAS. EITHER 1.01in. OR 1.75 in.

TA-40885-11

FIG. 11 OPPOSED SLAB GRAIN- IN 5-INCH X 40-INCH MOTCR
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was that the oppos>d propellant surfaces were offset from the motor
centerline; presumably the dampening in the cavity increased.

Table V

CHAMBER PRESSURE DATA FOR TRANSITION FROM STABLE TO UNSTABLE
OPERATION FOR MOTORS WITH RECTANGULAR PERFORATIONS

»

; Propellant | Test No." P, psi | ;EQ bd’ psir LSO ;n./sec
’ ‘ Dd
PBAN 104 51 1015 0.782 ‘840 ‘: 545 0.258
PBAN 104 55 ' 785 0.867 | 540 325 “ 0.240
PBAN- 104 66 . 590 ] 1.41 340 330 0.-164
PBAN 103 64 | 1305 158 1165 500 | 0.291
PBAN 103 | 67  e30 | 1.15 680 373 0.250
N ‘Note: o -
Pi = Initial pressure level in motor prior to pulsing
ABd5= Burning ‘surface area at transition point
ADd = Dampening (inert) surface area at transition point
Pd = Chamber pressure at transition to stable operation
r = Propellant burning rate at transition to stable operation
xnd = Restriction ratio at transition point.

Window Motor Studies

A series of tests were made using our window motors, .containing
lithium fluoride catalyzed propellant, in an attempt to correlate high
speed photographs of the wave motion in an unstable motor with piezo
records of the .pressure disturbances. With a 3 x 30-inch motor and a
1 inch perforation,.-we found that it could not be driven unstable at
‘pressures well above the critical pressure found for the same propellant
in a 5 x 3l-inch radial-burning métor with a 2.5-inch perforation. Some
pulse trains, howevef, lasted for periods.:up to 200 milliseconds ‘before

decaying. During thisiperiodithe~movies,appear to show a standing wave
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pattern set up within the motor. Our lack of success with this design
prompted us to design a smaller motor capable of operation at higher
pressures.. This unit, 2 x 20 inch motor with an 0.5-inch perforation,

also proved to be highly stable even though pulsed to 800 psi,

The inherent stability of the rectangular perforated motors has

necessitated. a new approach to this aspect of the problem.

Wave Phenomena

. Cok N R S iobestol i

The characteristics of the pressure wave have been .examined using
the close coupled water-cooled piezoelectric transducer. All propellants
containing ammonium perchlorate give a typical steep fronted pressure
wave shown in Fig. 12a. The data for the double base propellants
(Fig. 12b):ishow a pronounced initial sharp pulse \;'hich suggests perhaps

a different burning rate response to the periodic pressure wave.

{b) NIT 101
100 -psi/em

U W IS UE VIS U S I A0 NN I I A U5 I N SV U U S S U B Y S U [ N SN S NN
2

(o) PBAN 103 |
300 psifcm

- ke
TIME —> -2 msec/cm

TA-4865-8

FIG. 12 COMPARATIVE WAVE FORM FOR (a) TYPICAL
"COMPOSITE PROPELLANT (PBAN 103); AND
(b) NITRASOL :PROPELLANT (NIT 101)
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V DISCUSSION AND APPLICATION OF SIGNIFICANT RESEARCH FINDINGS

Our experimental correlation of instability data for a range of
composite propellants has been examined in relation to two of the principal
approaches used in understanding instability in large motors. These are
(1) the approaches based on Crocco's!® time lag hypothesis which has been
7 used successfully in intengretation of liquid engine -combustion instability,
and (2) the acoustical theory of Hart andrMcCIure,14 which has provided a
framework for studying the combustion instability of solid propellants.

The latter theory has been successful in explaining many aspects of insta-
bility through a phenomEhological approach in which a combustion zone is
collapsed into a surface having an acoustical admittance. Our experimental
study seeks to complement these general approaches by considering the
chemical and physical processes (both solid and -gas phase): cccurring in

the combustion zone.

The practical application of our data in relation to the design of

rocket motors is discussed in the third part of this section.

Characteristi. Combustion Time Relationship

In examining the phases of the combustion mechanism which could be
~ concerned with. instability buildup through the concept of critical lag

time, we have for a composite propellant three possibilities:

1) Homogeneous gas phase reactions

'2) The granular diffusion flame of Summerfield

3) Reactions in the subsurface induction zone; this could be
manifested in one extreme by a thermal explosion or by

cyclic variation in burning rate.

of explaining the more frequent occurrence of axial instability with
composite propellants than is observed with double base propellants. The
recent paper by Sirigano and CroccoIs,suggests, however, that the -gas

phase reactions, once they can be clearly identified, should be closely
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studied. The diffusion flame and subsurface reactions are attractive as

the coupling processes, since they may have characteristic delay times
which can act as the strong forcing function for the acoustical oscilla-
tions in the gas phase. It should .also be noted that “erosive" coupled
instability has been observed with many propellants for which pressure
coupling is nonexistent; the diffusion flame is extremely sensitive to

iiicreased mixing induced by velocity fields.

While the granular diffusion model is particularly appropriate for

composite propellants, subsurface reactions such as coherent triggered

thermal explosions might be applicable mechanisms for both homogeneous

double-base propellants and composite propellants. The conventional

approach to this latter concept is that originated by Frank Kamenetsky.®

While it does not appear that our data on intermediate frequency
instability are best interpreted on the basis of the thermal explosion
concept, it will be presented here since it may, under certain circum-
stances, explain resonance phenomena (see for example, Clemmow and

Huffington's treatment of Chuffing).l”

Thermal Explosion Model

The approaches of Kamenetsky, as modified by others, notably Gray,®
can be used tﬁadevélopAa model for the surface zone. It héy'be postulated
that the propellant burns by a -series of local thermal explosions which
are time-phased by an acoustical wave--the subsurface layer -or induction
zone ‘being heated by an internal homogeneous or heterogeneous reaction,
and burning proceeding by a series of thermal explosions rather than a
steady state -decomposition. Since the subsurface layer is heated by the
normal heat flux ffom the combustion zone, periodic fluctuations in the

pressure or velocity fields at the surface may result in:periodic varia-

tions in the subsurface temperature of the layer.

Grayra'has—reviewed the. conditions for thermal explosion for -homo-
geneous materials such as explosives, -and Gross and~Amster19:have*cata—

loged the necessary parameters. for several typical propellants. According

to Gray the time required to reach a runaway reaction condition is:
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where E is the activation energy
C is the specific heat

Q is the heat of reaction.

It will be seen that E, C, and Q are characteristics of any given
explosive materiale* while A--the pre-exponential function--may be: expected
to vary with the degree of'heterogéﬁéity in a multi-component propellant
and could vary with the catalyst content. In the classical treatment a
film heat transfer coefficient .of unity is assumed and hence TO is identi-
fied with the environmental temperature. In the case under study the
effective film coefficient is much less than unity and it is probably more

appropriate to identify To as the surface temperature.

On the basis of Powling and--Smith's data the surface temperature, To’
can be related to the pressure in the combustor; moreover.. since the
subsurface temperature profile is dependent on burning rate, T0 may vary

somewhat from the .actual surface temperature.

An examination of the expected relationship of combustion lag -times
and the most critical parameter for the thermal explosion model, To,

does not suggest that this model -can explain our experimental results.

Lack‘of'agreement does not permit a total rejection of the thermal
explosion model since it does -appear to be capable of sustaining periodic
pressure oscillations. To illustrate this point, the explosion times as a.
function of temperature have been computed for a double base propellant,
an aluminized composite propellant, and pure ammonium perchlorate (see
Figs. 13, 14 and 15). Surface temperatures in the range 600°K to 1200°K
have been proposed for many propeilants and it will be seen that a wide
range of explosion times can be encompassed which are characteristic of

wave frequencies from a few c¢ps to 100 Kc or more. These could be

*
‘Note, however, C is a function of temperature.
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FIG. 15 PLOT OF TIME TO EXPLOSION vs. SURFACE TEMPERATURE
FOR. AMMONIUM PERCHLORATE

related to the fundamental (or overtones of the) natural acoustic modes
in the combustor which may be narrowly tuned by the resonant combustion

nrocess.

In view of the fact that we are not able to unequivocally eliminate
the thermal explosion response mechanism, it deserves further experimental
study since it appears it may explain the intermittent nature of classical

secondary peaks.

Granular Diffusion Flame Model

Morrell and Priem21 developed, for liquid propellant rocket engines,
a practical model based on characteristic times of both mixing processesg
-and" chemical reactions which has successfully explained the stability
regimeS—observedehen 1iquiq,biprope11ants are burned- Following discus-
sions-:with Morrell, if'waSaQecided“ihat,0ur’own*data for heterogeneous
composite propellénts should be -examined using a similar -combustion model
since the granular diffusion flame model which?Summexfield?gproposes for
combosiye—propellantS’phenomenologically resembles the heterogeneous

injector-element used in liquid propellant rocket -engines-
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The combustion model wé propose as the most acceptable for examining
our data in relation to characteristic times of critical processes com-
prises a solid; surface which consists of a regular distribution of discrete
sources of -deflagrating oxidizer and ablating fuel. These produce respec-
tively a hot oxidizing gas mixture and hot combustible fuel fragments
which burn together in a granular diffusion flame. Summerfield has shown
that this diffusion flame concept can explain :the observed pressure depen-
dence for the burning process of composite propellants; this diffusion flame
can also be expected to be velocity-coupled in respect to flow fields and:
the acoustic or finite amplitude waves present in the combustor. Flow
coupling may be identified as the well-known process of erosive burning, with
the wave coupling mechanism being responsible for the observed instability

phenomenon. --

It should be noted th5¥ a special problem exists with solid propellants
since the propellant feed mechanism is invariably closely coupled with the
combustion processes; this is due to the dependence of burning rate on
combustor pressure (in the liquid enginhe it is possible to decouple thé
propellant feed processes to the combustor). With this point in mind we
proceed to -examine the characteristic mixing time associated with the-
granular diffusion flame of the propellant -and the wave time in the v
combustor. Following the méthod of Povinelli,23 we may consider the
propellant surface as a series of discrete sources with a spacing between
element, s, given by the following expressiont:

s =1f (d, 8, Og) (1)
where .d is the oxidizer mean particle diametér and 6, the oxidizer volume
fraction; Og is a .particle shape factor. (In our simple comparative o
analysis we will assume no significant contribution from Og.) Using thé‘
simplified model of turbulent burning proposed by Bittker,2* which has
been ggpgpimgngglly verified in- a liquid-cngine by Hersch,?% 4 mixing

parameter, ¢, can be defined as a function of s anda the mixing length:

o = % (x/s) (Y is the intensity of turbulence) (2)
Using mass flow continuity at the surface we obtain, for threshold condi-
tions, a relationship:¢ *
rpp t : -
S .
X = '?——- - (3)
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where r,, is. the linear burning rate of the propeliant, is the propellant
. Pg

p Y

* *
density, t 1is the characteristic combustion time for mixing, and p dis the

average gas density of the reactants in the diffusion flame within the

combustion zone.

X
Combining relationships (1), (2), and (3), and relating p to pressure,

we -obtain: RT*t*
:7 ers
= Fp e )
T
*
where T is an average temperature characteristic of the combustion zone

-5
reactants and M is the -associated average molecular weight.

Some comment on. the values of the parameters assigned the .combustion
zone reactants is in order. We postulated a mixing length x for the
granular diffusion flame; this implies that over this average distance
the oxidizing cores of the granular flames taper down to- zero. Since the
cores contain unburnt gas it appears- reasonable to characterize the gas:
by its entry state from the solid phase. We believe that this entry state
can pe best characterized by the average surface temperature of the
propellant or by temperatures assigned individually to the fuel or oxidant
sources in the surface. The oxidizer decomposes to yield reactive inter-
mediates: which produce, significant amounts of hot decomposition products,
whereas the lower volumeé fraction fuel binder generates- a reduced volume
of relatively high molecular weight decomposition fragmnnts. (The entry
temperature of the fuel fragements may be assumed to be close to that of
the oxidizing gases.) Since AP cdﬁpriseS'the~bu1k of the propellant
surface, we selected data reported for its surface temperature as the

controlling factor.

In this discussion we are in essence de-emphasizing the reactions

in the decomposition flame; these may affect the over-all magnitude of

: * *- %k
parameters used to describe the diffusion flame such as t , T , and M .

It is-considered, however, that the outstanding success of the Summerfield
model -of the composite propellant .lame implies that these factors may

not be limiting; moreover, if reactions occur, the average temperature may-

'closely—followvthqrentfy temperature of gases (pringipally'NHa,and HC10, )-..
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We propose therefore in our argument to assign to T* the values
which would -be predicted assuming equilibrium dissociation of ammonium
perchlorate at the solid-gas interface of the burning propellant. Powling
and Smith®° have shown, by direct experiment, that at pressures up to at
least 60 psia, this process is significant. The extrapolated values to
rocket operating pressure (Fig. 16) are not inconsistent with estimates
by others, e.g., Friedman, et gl.,?§ or by experimental thermocouple

measurement, -e.g., Summerfield and Wenqgrad.27

With the above -considerations in mind, Eq. (4) may be rearranged. to

express the characteristic combustion time for the diffusicn flame ast
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‘For axial instébility the wave time in the .combustor may be

identified as: . . : B}

t = = (6)

where L is the length of the cavity and c¢ is the velocity of sound. The
velocity of sound is bast determined experimentally in the burner since
many propellants generate multi-phase working fluids and calculation of

¢ firom theoretical data is not sufficiently rigid in its derivation.

‘For :assessment of our experimental .data we may study the relation-
ship:-of . the' characteristic combustion tine with. the wave time by dividing

Eq. (8) by Eg. (&)

* * ] P

t oM s c . T

— = S "

t, Yo R2L r,T (1)

In the combustor used in our studies the geometry was held constant
and the axial ‘wave time was inversely proportional to the velocity of

sound.

It is pertinent to examine Eq. (7): on the basis that the boundary
betwesn. stability and instability is fiwed by the requirement for the
«

.t . : .
ratlo-;— to be constant. We find' that several categories of variables
w
are present; these are:

1) Prime ballistic variables, i.e.,»PT,and:rT

) Dependent ballistic variables, i.e., T

3) Principal compositional variables, i.e., g, 6, Og, P
4) The dependent compositional parameters, M and c.

It is tacitly assumed that gAand':f are invariant in the granular
diffusion model .of the burning;surﬁacé'of,ﬁhe compqsiteﬁpr@pellant.
‘(Note, ‘however that for initiationiof instability the—geheration‘of the
critical axial velocity -perturbation required~wili*dependron‘fhe pulse

characteristics and the chamber pressure.)
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Stability Bound Analysis

Examining our data, we found a correlation between the threshold
pressure and propellant burning rate, Fig. 6; use of the assigned temper-

- %*
ature T , as will be seen later, enables an improved correlation to be

developed (Fig. 17). Reférence to our experimental data on the oxidizer

! (Appendix A) shows that most propellants have a large weight fraction of
‘particles with the same over~all particle size distribution; however,
those propellants containing a large proportion of extremely fine oxidizer

burned much faster and were always stable, whereas other propellants
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containing a larger weight fraction of coarse material followed the

general trends. It is considered that the small number of large particles
did not significantly affect the diffusion flame characteristics which
were controlled by the standard bimodal mix. In Appendix A the relation-
ship of our sourccispacing to propellant oxidizer characteristics is given;
for our evaluation here it appears that the values of s, i.e. £(d, 8, 0og),
were constant for most propellants. The density of the propellant ps,
varies but slightly; similarly, c varies but -slightly. The paramcter M
could vary significantly, but for our family of ammonium perchlorate-based

propellants, as stated previously, it is considered invariant.

With the foregoing argument in mind> the experimentally determined
propellant ballistic characteristics at the threshold of instability may

be examined in relation to various parameter groupings, namely

1) Prime ballistic variables corrected for the depéndent
ballistic variable T (i.e., in comparison of PT with T rq)

b 3
2), Correction for the changes in c, Py and T .

The dat. .cross plot allowing for surface temperature is shown in
. * .
Fig. 17, and the correlation including c, ps, and T is shown in Fig. 18.

Tabulated numerical data for the propellants are presented in Table7VI,

From an examination of the data it can be cchcluded that a good data
correlation is obtained between propellantfburning rate and the instability
threshold pressure through the model devised from the Summerfield granular
diffusion flame and the ideas derived from the liquid engine injector

mixing criteria of Morrell and Priem.

The relationship developed appears to be well verified by the experi-
mental data presented. Of great interest also is the fact that if we
assume that resonance occurs over a finite band, then. we may'predict that
the critical combustion time will be increased, leading to instability .at

1) 1Increase in pressgxcnat~constantrburning rate -
2) Decrease in burningziatgrat constant pressure

3) Increase in ‘the velocity of sound in the combustion preducts
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4) Decrease in propellant density

5) Increase in source spacing. - T

The fact$~supporting,the above comments are:

1) All propellants tested which were unstable transitioned
to instability as the pressure increased.

2) Increase in burning rate invariably broduced 2 :more :stable
propellant (use of catalysts, giuminum addition, or particle
size control).

'3) It has been reported but not yet adgﬁy&tely contirmed in
this.studykthqt decrease in energy ‘has stabilized the 7

combustion of -some propellants.
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4) The higher density aluminized propellants are proportionately
more stable. )
5) A decrease in source spacing (fine oxidizer) produces rela-

tively faster burning and also more stably burning propellants.

Discussion of Compositional Factors.

It is considered significant that all the propellants we triggered
into instability contained ammonium perchiorate. At the low pressure end
of the stability bound, only non-aluminized propellants were found; at the
high pressure end aluminized propellants and catalyzed—prqullants apparently
obeyed the same stability criteria. We surmise that at the levels studied,
the inclusion of aluminum did not affect the basic mechanism responsible
for instability since the combustion time associated with the aluminum was

well outside the critical range.

The stability of the potassium and lithium perchlorate propellants
can be explained ac being due to either their fast burning rate which leads
to a very short combustion time or perhaps to the different decomposition
mechanism of the oxidizer. We cannot unequivocally select one reason over
thé other. The stability of fast burning catalyzed ammonium perchlorate

propellants is readily explained by the model.

The slow burning ammonium nitrate propellant was found to be stable.
Here again stability may be due to its burning rate curve lying beyond the
outer bound of a stability band (characteristic of a critical reaction
time which is too long). Alternatively, it may be related to a different
decomposition mechanism; it is pertinent to note both potassium perchlorate

and ammonium perchlorate are reported to melt during burning.

The preliminary and limited data on the nitrasol propellant containing
ammonium perchlorate suggest that the instability criteria for a high
energy binder will be very different from that for a classical “Stimmerfield"

composi.te .propellant.

Acoustical Instability Theory

The theoretical treatments developed by Hart and McClure!* have

stimulated much experimental work on the measurement of critical parameters
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such as the acoustic admittance of the burning propellant surface.
Recently the‘theory has been developed to explain the origin of axial
instability in relation to erosive coupling effects of acoustic waves
in the cavity of the wurhing grain. Satisfactory explanations for the
presence of the characteristic traveling finite amplitude waves are now

available (see for example the work of Hart et al.®).

In order to aid in corre¢lating our studies with other work we had
the acoustic admittance of two of our more stable  fast burning propellants
determined. This work, supported by Stanford Research Institute, was
carried out by Ryan and Oberg using the University of Utah T-burner.
Their detailed. results are reported in Appendix B; it appears that the
very fast burning potassium perchlorate propellant (PBAN 109) has a lower
acoustical admittance than the fast burning ammonium perchlorate propellant
(PBAN 111). The burning characteristics of this latter propellant closely
resemble the Utah F propellant which has been extensively investigated in

the T-burner.

The Utah F propellant is reported as being extremely unstable to
pressure-coupled oscillations in the T-burr.er; our work showed that, in
our relatively low loss motor, the equivalent perellant——PEAﬁ 111--was
quite stable to 500 cps axial oscillations. While our other similar fast

burning propellants have been shown to be readily unstable in the trans-

verse high frequency modes, in the few firings made, we have as yet no

instances of PBAN 111 being unstable in the transverse mode.

While the modes of driving for the acoustical oscillations observed
during unstable burning have not yet been unequivocally identified, the
fact that our stable propellants are shown to possess low acoustical
admittances implies that there is no apparent conflict between the

acoustical theory proposed. and our experimental results.

Application of Experimental Results to Design and Scaling of Rocket ‘Motors

Our -experimental study has been concerned primarily with the high
energy ammonium perchlorate-based propellants containing up to 15 per cent

by weight of aluminum. Previou$s work has shown, for this type of propellant
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in which the rate-controlling reactions are apparently those related to

oxidizer decomposition and the diffusion flame between oxidizer and

binder, that combustion stability is improved by scale-up of motor

size.

This generalization ‘does not appear to hold for highly aluminized fuel-

rich propellants where the rate-controlling reactions cannot be readily

identified. Another problem is that with slow burning aluminum-rich

*
propellants, wave triggered shedding of molten aluminum can contribute

to unstable behavior.

With the above reservations in mind, reference to Fig. 6, which

shows the stability bound for the ammonium perchlorate propellants

suggests that in the normal regimes of operation of present day propellants

%k
axial instability, 1if observed in a motor, may be eliminated by one of two

approaches. First of all, a reduction in operating pressure will,

for a

specific propellant, move it into the stable burning region. Secondly,

if operating pressure must be held constant, then a faster burning

propellant should be chosen. It is interesting to note that the diffu-

sion flame physical model proposed also predicts the same stability trends.

Both these choices may require that the grain geometry be changed if .a

given thrust time program is to be 'held to.

Another method of eliminating instability appears to be by reducing

the length to diameter ratio of the grain; so far the critical parameters

have not been elucidated. Mention was made in a previous section of

propellants have invariably failed to sustain the transverse, or h

propellant could sustain both low frequency axial mode instability
high frequency transverse mocde of instébility. It is considered a

possibility at -this time that this latter phenomenon of transverse

energy binder; therefore similar stability—problems might also be

with nitro plasticized composite - propellants.

*
This mechanism was first suggested by E. W Price; NOTS.

%k ; .
Also known as Intermediate Frequency Instability (IFI)

44

transverse instability. In our scale motor work, aluminized composite
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and a

instability in an aluminized propellant is .associated with: the high

frequency, mode of instability. The very high energy aluminized double base

expected
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Some observations are relevant to the use of potassium perchlorate

and ammonium nitrate propellants. Our work confirms that these propellants

.appear to be stable under the conditions where ammonium perchlorate propel-

lants may burn in an unstable manner. This may be due to the fact that
their natural frequencies are outside the band encompassed by the acoustic
frequencies of state-of-the-art rocket motors. It may also be due to
different combustion reactions at the solid surface of the propellant. 1I1f
the former, there may be an upper pressure stability bound for certain
propellants. Our work indicates that for most of our unstable ammoniusu:
perchlorate propellants, this bound, if it exists, is above 3000 psia.

As motor free volume increased, there was some indication that oscillation

amplitude decreased for certain propellants (see Figs. 5a and b).

In conclusion, it can be stated that, if axial combustion instability
‘(IF1) is observed, then both the experimental data and the theoretical
mixing model proposed suggest that it can be eliminated by simple ballistic
design changes such as propellant burning rate characteristics, motor

operating pressure decrease, or a reduction in grain length to diameter

ratio.
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VI CONCLUDING: REMARKS

The study program covered in this report wés deliberately aimed to
cover a wide range of propellent compositions typical of those used in
aerospace rocket motors. Many facets of the instability problem were
uiicovered; some of these were examined in great detail because of the
ease of formulating propellants with the necessary ballistic properties.

The more intractable aspects have to be the subject of further study.

The major conclusion reach has been that a stability bound exists
for propellants burned in. a scale rocket motor (5 inches I.D. by 40
inches long). This bound is uniquely .determined. by the relationship
between the pressure at which a given propellant can be driven unstable
and the associated propellant linear burning rate. A diffusion flame
modei has been shown to be one possible explanation of the pressure/
burning rate stability-dependence observed; other models may also explain
the experimental facts and specific experiments,are”blanned in order to

discriminate between the possibilities.

The fact that instability is burning rate-dependent is -also in
accord with independent observations made by Povinelli®® in a small

vortex burner.

Future work will seek to clarify further ‘the interaction of homo-
geneous gas phase reactions, diffusion flame processes, and solid phase
reactions in relation to the driving of combustion instability in the

different types of solid propellants.
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. - .Appendix A
OXIDIZER PARTICLE S)1YE AND SOURCE SPACING CONSIDERATIONS

A realistic physical model for a composite propellant must take into
scount that it is a polydisperse mixture of -oxidizer particles ‘bonded
together with a contiriuous. external phase of polymer. ‘Under these conditions.
it is difficult to. decide what parameters should be used to characterize the
burning surface of a solid propellant. Since we are attempting to correlate
ballistig behavior in terms of Summerfield's. granular diffusion flameumodel,
a particle or other surface parameter should, if possible, be selected for

each propellant.

Many similar material and surface characteriéation»problems have been
encountered in widely differing substances such ‘as rubber fillers, concrete
ballast, and coal dust. The parameters: suggested have ‘included. number mean
d*ameter, volume or weight mean diameter, and surface area mean diameter
or specific surface,* The- number mean diameter is reported to over-exagger-
ate the importance of small particles. Propellant formulators have usually
chosen weiglt mean diameter, arbitrarily réferred to as the equivaleént
sphericél particle, since this is normally measured 5y the various: test
procedures the formulators use. It is interesting to note that certain
workers, e.g., :developers of British plastic propellant, have consistently

favored a different procedure centered on measurement of the specific

surface; the good correlation reported between pfopellant burning rate and

specific surface is presumably due to the simple relationship between the

-average cross-sectional area of a particle and specific surface of the

powder.

In- view of thesé,past observations, it is our opinion that use of

-mean:-particle: surface .area.-diameter, .designated in the .above reference

as. D,, and the associated distribution curve of particle surface area is

T—-—‘?‘——
‘Chamot, E. M., Handbook: -of Chemical Microscopy, J. Wiley & Sons, Inc.,

1944, pp. 417-419.
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the: best way of characterizing oxidizer blends and thé bullistics of the
derived propellants.

In developing our mixing model (Section V) we. used. a. parameter, s,
which is the source spacing within the diffusion flame. For a piopellant
containing no binder, the distribution curve and its- mean value based on
particle surface might be used to fix the source spacing if the propellant
burned in a heterogenecus manner particle by particle. Real propellants
usually contain an organic fuel binder or a mixture of metal fuel and an
organic binder. This fuel may be looked upoii-either as filling the inter-

stices between a system of relatively monodispersed oxidizer particles or

as a surface film covering a polydispersed system of particles. Accordingly,

if the filler is considered as a system of particles resembling distorted
spheres with a thin layer of polymer, we can demonstrate that the polymer

film (for normal -particle sizes) does not materially afféct the scurce

spacing.

Consider now a system of particles in a propellant where- the oxidizer
weight fraction is: 8. Let the oxidizer density be p0 and binder density
pb' Now in a unit element of propellant
) R 1

A T =0 1l - é’ Yo
8/p _+ = L+ . oy

Vol. of oxidizer
Vol. of propellant

=&
=— X
pO

o pb

If the radius of the oxidizer particle is d/2 and the corresponding radius.

of the propellant element is R, then

ag _ g 1
R 1 +1-86 Po
0 'Pb

Substituting typical values, for § = 0.87, 0.80, and 0.75, for

Po. = 1.9, and for Py = 1.0, we find that 2&2 changes from 0.92 to 0.87
to 0.85. The oxidizer weight fraction, 8, of .most .of the :useful .propel-
lants ranges from 0.80 to 0.85, so the change in center to center spacing
o the particles due to binder level variation is less than 5%. This
center to center spacing may be taken:-to be equal to the average séurcg

spacing, i.e., s = 2R.

A-2
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The prior discussion has centered principally on the monodisperse
equivalent of a typical oxidizer particle size distribution, and it is
pertinent to examine the oxidizer blends used in our study in greater
detail to see if any of the 'distributions we were able to siudy materially

affected the source spacing.

The oxidizer grinds. used to blend our multi-modal. distributions of
ammonium and potassium perchlorates are detailed in Figs. A-1 and A-2.
" The typical bimodal blend used, for example, in propellant PBAN 106 is
shown in Fig. A-3, while the representative trimodal blend used in PBAN 184
is shown in Fig. A-4. It will be observed that the. median surface area
particle size in one case is 103 microns and in the other, 123 microns.
A further examination of Figs. A-3 and A-4 reveals that the major fraction
of .each propellant is encompassed by two particle size bands of 40 to 50
and 100 to 300 microns. It is not unreasonable to suppose that most of
the prqpe;iants studied had' similar responses governed by the predominant

‘'source spacing as characterized by the most important particle size bands.
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An examination of the propellants shows that only one propellant

using a mixture of very fine ammonium perchlorate and coarse potassium

perchlorate ‘had a median surface area @artiéle size which was appreciably

different. The distribution for this. propellant, PBAN 189, is shown in
Fig. A-5 and here the specific surface median particle size was 9.9 microns.
It will be recalled that this was very fast burning and it burned stably

in our motor. (An experiment suggested by this discussion would be to

add lithium fluoride to this propellant with a view to reducing its

burning rate.)

In summary, the seemingly wide formulation changes made, if considered

on the basis of 'surface- area median particle size, do not severely test

the validity of the model we propose. It can be seen that by virtue of the
finite band widths in the particle size distribution that the diffusion

flame can possess a broad band response. Consequently, the selectivity

A-5.
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shown in respect of source spacing in Eq. (7) of Section V disappears with

a. real propellant and the :variation in relative distribution may only

manifest itself in amplitude effects.
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Appendix B

DETERMINATION OF SPECIFIC ACOUSTIC ADMITTANCE
o *
FORX SRI PROPELLANTS PBAN. 109 AND PBAN 111

The instability characteristics of SRI propellants PBAN. 109 and
PBAN 111 have been determined at a pressure of 500 psi :and a frequency
of 220 & 20 cps. A side-vented T-burner 1.5 inches in diametér, 40 inches
long, with short, end-burning grains was used. It is concluded that in
these tests PBAN 111 burned less 'stably, the response function of the
burning surface :being about 20 per cent greater than for PBAN 109.

Experimental

A -small dump tank was used which pressurized the system to: 460 psi
béfore- firing. Ignition raised the pressure very quickly to 500 psi, and

burning increased the pressure thereafter more slowly.

In all rans it was observed that the ignition transient induced
high-amplitude oscillations that obscured the normal oscillgtion growth;
also, the oscillations died away before burning was complete. Two
preliminary conclusions, therefore, were that the conventional use of
<€ T-burner data was not possible, and that neither propellant -could
supply*driﬁing*energy in excess of burner losses. No assurance of
stability can be taken from the second conclusion; Utah F propellant,
prohibitively unstable for operational use, will not sustain oscillatigns

under these circumstances either.

It was recognized that decay constants for diminishing oscillations
after the dgnition pulse can be utilized in the same way as. growth con-
stants. Decay constants were measured for the igniter (Utah F propellant
sawdust) alone, then for cach propellant in runs with one grain and with
two grains. Decay constants werc measured when oscillations were at low
amplitude--after the initial nonlinear decay but before the mean chamber

pressure rose significantly.

*
Determinations: carried out at the University of Utah and reported in: a
letter from:'N. W. Ryan, -dated January 18, 1965. -
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Theory

For background information, see the paper by Coates, Herton, and

Ryan, AIAA Journal, 2, 1119 (1964). We use the equation

@ = 0y + 2nkKf

where an is the growth constant, dlnlpl/dt, for a firing with n grains
fn =0, 1, or 2); f is the frequency; and K is the real part of the
specific acoustic admittance -of the burning surface, defined as positive
when combustion amplifies the signal. 0y Oy, O were obtained from
pressure-time traces. From
@ = 0o
o, = ¢y t+ 2KI

ap = 0 + 4Kf

we obtain three equations for Kf, -

_@ —ay @ - ay Oy — Oy
Kf =——— =4 =73

Results and Discussion

Tahle B-1 summarizes. the results, showing maximum deviations of
measured o values. Mean deviations would make the results much more
impressive, but they are not regarded as significant. The determination
-of oy and- @; as the slopes of 1n|p| vs.t plots can be made with errors

less than the differences from one run to the next.

The two-grain firings were the least satisfactory. It was difficult
to measure @ with confidence .because the decay was slow enough that some-
times the, chamber pressure had risen to 600 psi: or more by the time the
oscillations were in the linear range. In the case of PBAN 111, oscilla-
tion amplitude stayed steady at a low level for a short time, finally
decaying at high mean pressure. It was judged that o, was, therefore,
zero at the conditions of interest, rather than -3.6 sec-1 estimated for

initial (prokably nonlinear) decay.

Tabie B-2 shows Kf values computed as shown above. Because the

frequencies were not all the same, there is some question about the
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actual values of the acoustic admittance. Nevertheless, it is certainly

legitimate to compare the propellants.

Table B-1
SUMMARIZED RESULTS-

Numbgr'of Frequency o
Firings cps sec™? ‘
. Igniter only 3 180 ] -19.8 4 0.4 -
Propellant 109
One grain 3 220 -11.8 Xk 3.5
Two: grains 3 240 - 3.8 % 0.9
Propellan: 111 “
One grain 4 205 : - 8.4 & 1.0
Two grains 1 -— o*
Utah F Propellaht .
One grain! & 244 -8.4
RN .

* —
‘Measured value, ~-3.6 sec *. See text.

Table B-2
SPECIFIC ACOUSTIC ADMITTANCE

, Kf . (sec”!) for
J . Propellant Propellant
109 7f£ ) 1}17; UFah F
o - o 4.0 7 5.7 A 5.7
2
o - 0 4.0 : 5.0 —
4 ; "
Q2 -0y 4.0 4.2 -
= ,

Utah F propellant was used to prove out the apparatus, and it
appears to be very simiiar'to PBAN 111. The most reliable figures, first
row in Tasle B-2, indicate that PAN 111, with a specific .acoustic admit-
tance about 40 per cent greater, is significantly less stable than PBAN
109. An average for both columns of figures indicates a 20 per cent higher
valueifor PBAN 111. Probably a, is slightly greater -than zeroffor-PBAN 111,
A positive value cannot be detected by the method used. If «ap =.3.0 sec.™*,

then all three Kf values-are 5.7 sec.” 1.

‘B-3.
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